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Fluorescence enhancementSingle-molecule ﬂuorescence spectroscopy has become an important research tool in the life
sciences but a number of limitations hinder the widespread use as a standard technique. The limited
dynamic concentration range is one of the major hurdles. Recent developments in the nanophotonic
ﬁeld promise to alleviate these restrictions to an extent that even low afﬁnity biomolecular interac-
tions can be studied. After motivating the need for nanophotonics we introduce the basic concepts
of nanophotonic devices such as zero mode waveguides and nanoantennas. We highlight current
applications and the future potential of nanophotonic approaches when combined with biological
systems and single-molecule spectroscopy.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction: challenges of single molecule ﬂuorescence
techniques
Biomolecular multi-component complexes are inherently
dynamic and variable, fulﬁlling an amazing number of functions.
Single-molecule techniques are unique in that they are able to
reveal the complexity, dynamics, heterogeneity and variability of
their structures, biochemical states, mobility and interactions.
The degree of information can substantially exceed that of ensem-
ble averaged values [1,2]. Especially, optical single-molecule tech-
niques have evolved into a diversiﬁed tool-box that, with minimal
invasiveness, visualizes molecular interactions, structures and
their changes. These techniques report on positions of molecules
(see e.g. localization based superresolution microscopy [3–5]),
movements (single-molecule/particle tracking [6,7]) structures
(FRET [8,9]), interactions (FRET, colocalization [10,11]), and their
interactions with the environment (polarization assays, colors,
ﬂuorescence lifetime) [12]. With the single-molecule ﬁeld well
established [13], we examine the possible advancements of optical
single-molecule detection. Especially in the light of recent develop-
ments we see the synergistic combination of nanophotonics with
biomolecular single-molecule experiments as an exciting, emerg-
ing ﬁeld whose potential we discuss in this minireview.
The classical biochemical and molecular biology toolbox com-
prises comparably simple techniques such as polymerase chainreaction (PCR or qPCR), electrophoretic mobility shift assays
(EMSAs), western blots, molecular cloning, pulldown assays and
cross-linking assays. These techniques are usually fast, and provide
straightforward answers without much prior knowledge about the
system of proteins and nucleic acids. Protocols for these techniques
can be generalized and require only minor changes to adapt to spe-
ciﬁc situations, e.g. by choosing appropriate primer sequences. In
contrast, more sophisticated biophysical techniques such as optical
single-molecule detection but also atomic force microscopy (AFM),
optical and magnetic tweezers, X-ray crystallography and NMR
spectroscopy require more effort e.g. for sample preparation and
instrumentation, or are expensive. Single-molecule experiments,
for example, require substantial a priori knowledge about the bio-
logical system such as structural information of at least one of the
proteins to place ﬂuorescent labels. They require labelling, protein
preparation and puriﬁcation (although often the need for perfectly
clean samples can be alleviated by single-molecule sorting [14]).
For a single-molecule FRET experiment, further understanding of
the system is required: how can the complex be assembled? What
kind of conformational changes might happen? Finally, optical sin-
gle-molecule techniques require a detailed technical experience
about the choice of dyes, buffer conditions, data acquisition and
analysis and so on. Seeing a simple band in a western blot seems
so much easier! Accordingly, the gain in scientiﬁc knowledge with
the aid of the biophysical technique has to compensate for the
extra effort.
There is one important further factor preventing the broad
study of biomolecular problems by optical single-molecule
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experiments are not generally applicable to each and every
biological problem. One main underlying rationale for the limited
applicability is the comparably small dynamic concentration range
of single-molecule measurements from picomolar to lower nano-
molar as described in the following.
Single-molecule measurements aim for the best signal-to-noise
ratio so that the signal from an individual ﬂuorescent molecule can
be distinguished from the myriads of molecules around it. The
main strategy is to decrease the observation volume in order to
reduce the inﬂuence of scattering molecules, ﬂuorescent impuri-
ties and the other molecules of interest in solution. This is why
the most common single-molecule detection geometries in use
are confocal microscopy with diffraction limited femtoliter obser-
vation volumes and total internal reﬂection microscopy that
enables paralleled detection of many molecules. [15]. Still, a femto-
liter observation volume hosts on average a single molecule at a
concentration of about one nanomolar. At higher concentrations,
it is likely that more than one molecule contribute to the signal
and at much lower concentration it will take too much time for a
molecule to enter the observation volume.
The picomolar to nanomolar concentration range is a serious
issue for biomolecular single-molecule applications because it lim-
its the range of accessible biomolecular interactions that can be
studied with labeled constituents. This is because biological
binding constants are generally in the millimolar to nanomolar
regime [16]. With these binding constants the constituents will
rather not bind in complexes but will remain isolated at the
concentrations required for single-molecule detection so that the
fraction of molecules in the complexes to be studied is likely too
small to be detected against a background of unbound molecules.
According to the law of mass action, the equilibrium could be
driven towards the formation of complexes by increasing the educt
concentration which is yet incompatible with the size of the obser-
vation volumina.
Hence, part of the solution to increase the applicability of sin-
gle-molecule techniques for biological problems is the ability to
carry out single-molecule measurements at biologically relevant
micromolar concentrations without detecting the unbound, dye
labeled species around. This will extend the scope of systems from
a few rather stable complexes and sophisticated experimental
strategies to more dynamic and ﬂexible complexes studied with
standardized protocols closer to the reality of biology in which
constituents in complex biological machineries are in a dynamic
exchange. It appears likely that nanophotonics will play an impor-
tant role in extending these single-molecule capabilities.
2. The nanophotonic promises
Nanophotonics is an emerging ﬁeld of physics that aims at con-
trolling light on lengths scales smaller than the wavelength of
light. For single-molecule experimenters who focus on biological
questions nanophotonics holds two great promises that have
started enabling more general single-molecule experiments with
biomolecular systems in closer to real conditions [17–21].Fig. 1. (a) Sketch of the cross section of a zeromode waveguide (gray) on a glass cover slip
thickness of 100 nm at a wavelength of 500 nm. The color scale denotes the electric ﬁeld i
to the volume close to the glass surface.First, nanophotonic structures can be used to decrease the avail-
able space for molecules and to conﬁne light. The most prominent
example is the so-called zeromode waveguide [22]. Zeromode
waveguides are small holes in a metal ﬁlm on a glass cover slip.
For their production, commonly a metal ﬁlm is evaporated to form
a layer with thickness of more than 100 nm on glass cover slips and
holes of 40–300 nm diameters are produced in the ﬁlm by nano-
technological procedures. A cross section is sketched in Fig. 1a. As
the zeromode waveguides offer glass bottoms common binding
chemistry can be applied [23]. The observation volume is reduced
by two effects. Laterally, it is conﬁned by the physical constraints
of the metal walls. Axially, the light cannot propagate through
these nanoapertures as the diameter is too small to sustain propa-
gating electromagnetic modes. Instead, an evanescent excitation is
restricted to the volume close to the glass surface leading to an
overall reduction of the observation volume of the order of
100.000-fold [16]. In Fig. 1b the electric ﬁeld within an aperture
with a diameter of 50 nm and a thickness of 100 nm at a wave-
length of 500 nm is simulated and illustrates the light conﬁne-
ment. Zeromode waveguides have demonstrated breakthrough
applications especially for single-molecule real-time sequencing
and for studies of the choreography of translation as more speciﬁ-
cally discussed below [24,25]. For a long time, access to such struc-
tures was restricted to a few specialized labs with custom
production. But with their recent commercial availability,
zeromode waveguides can enter the main stream of biomolecular
single-molecule research. Zeromode waveguides can, for example,
be obtained from Paciﬁc Biosciences.
On the other hand, nanophotonics offers a more intricate way of
enhancing single-molecule ﬂuorescence spectroscopy that has
only recently become interesting for biomolecular applications.
Besides conﬁning the excitation volume to subwavelength dimen-
sions, metallic (nano)structures as simple as single gold nanoparti-
cles can strongly and diversely affect the ﬂuorescence properties of
dyes [26,27]. In a simple model, the ﬂuorescence process can be
described by the singlet ground state S0, the ﬁrst excited singlet
state S1 and the transitions between them comprising excitation,
radiative and non-radiative rates (kex, kr and knr, respectively)
(Fig. 2a). As ﬂuorescence microscopist with biological background
one is used to the fact that dyes are not rock solid light bulbs but
that they react to their environment [28]. Different dyes show dif-
ferent ﬂuorescence quantum yields depending on physical param-
eters such as the local viscosity or the presence of quenching
molecules. This variance of dyes manifested as a change in bright-
ness in ﬂuorescence images, FRET experiments or ﬂuorescence
assays (e.g. molecular beacons in quantitative PCR) is commonly
related to a change of non-radiative processes, i.e. changes of the
non-radiative rate knr. Nanophotonic interactions can, however,
do muchmore. Nanophotonic structures can amplify the excitation
intensity in extremely small, spatially deﬁned spots through
localized surface plasmons. This means that when a sample is
evenly illuminated, molecules in nanophotonic hot-spots experi-
ence substantially stronger excitation light ﬁelds and can therefore
appear much brighter (Fig. 2b). Pictorially, the nanophotonic struc-
ture collects the electromagnetic radiation like an antenna does for(green). (b) Electric ﬁeld simulation for an aperture with a diameter of 50 nm and a
ntensity. The incident light cannot propagate through the aperture and it is conﬁned
Fig. 2. (a) Energy scheme of a ﬂuorescent dye that is excited with a rate constant kex. Emission occurs with a rate constant kr and non-radiative processes are described by the
rate constant knr. In contrast to our experience of ﬂuorescence bioimaging where kex is solely determined by the excitation laser power, kr is a constant and knr might be
inﬂuenced by speciﬁc quenching pathways, nanophotonic structures such as metallic nanoparticles locally inﬂuence all rate constants. (b) Metallic nanoparticles (yellow) can
act as nanoantennas focusing the incident light to a hot-spot of subwavelength dimensions increasing the excitation rate kex of a ﬂuorescent dye (red sphere) placed nearby.
(c) Metallic nanoparticles can also mediate the emission of dyes placed at the hot-spot increasing the radiative decay rate kr. (d) The metallic nanoparticle also offers more
pathways for the dye to decay without emitting a photon increasing the non-radiative decay rate knr leading to energy losses in the form of heat dissipation.
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referred to as optical antennas or nanoantennas [29]. Moreover,
similar to how the nanoantenna collects the electromagnetic
radiation for the dye molecule it also helps the dye to reemit the
photon thus accelerating photon output as described by the radia-
tive rate kr (Fig. 2c).
Taken together, nanophotonic structures can exert strong
antenna effects on ﬂuorescent dyes nearby. They can enhance the
local excitation (kex "), they can accelerate photon output (kr ")
and generally they also enhance quenching by non-radiative
energy dissipation as heat (knr ") (Fig. 2d). For a detailed account
of these effects the reader is referred to more specialized literature
such as Ref. [30]. Generally, it depends on the speciﬁc arrangement
whether a metallic nanostructure leads to ﬂuorescence enhance-
ment or quenching [31–33]. Fluorescence enhancement has in
particular been reported for dimeric structures such as bowtie
antennas or nanoparticle dimers made of gold [17,34–36]. As
simple quidelines, small gaps create stronger ﬁelds than large gaps
and larger particles have a stronger enhancing effect than smaller
particles. The material is also important and silver nanoparticles
show more enhancement at shorter wavelengths than gold
particles. Finally, the dye-nanoantenna geometry must have a pref-
erential orientation with respect to the excitation light.
Nowadays, the way a metallic nanostructure affects the
ﬂuorescent properties of a dye can be predicted using for example
ﬁnite elements simulations [37]. By carefully choosing the mate-
rial, shape, size and arrangement of the metallic structure, nanoan-
tennas that boost the ﬂuorescence intensity of dyes can be
constructed.
There are two main approaches for fabrication. Using top-down
nanolithography, a bowtie antenna, for example, based on two
triangular gold structures evaporated on a glass cover slip was
created (Fig. 3a) [35]. Upon illumination light is strongly focusedFig. 3. (a) Bowtie nanoantenna fabricated by a top-down nanolithography method
consists of two triangular gold structures deposited on a glass cover slip. (b)
Bottom-up self-assembled nanoantenna based on two colloidal 80 nm gold
nanoparticles attached to a pillar shaped DNA origami structure. The nanophotonic
hot-spot is in the center between the two metallic entities. The self-assembled
structure additionally offers site-selective binding opportunities by using reactive
DNA modiﬁcation at desired positions in the DNA scaffold (blue). Biotin strands
below the base were, for example, used to achieve a preferential upright orientation
of the pillar structure on neutravidin coated cover slips [38].in the gap between both triangles yielding ﬂuorescence enhance-
ment of more than three orders of magnitude for a molecule that
happened to be at a perfect position in the hot-spot. Using bot-
tom-up self-assembly, ﬁrst nanoantennas were built by arranging
two colloidal nanoparticles using double stranded DNA to form a
nanoparticle dimer [39] leading to modest enhancements due to
the challenging distance control and the fact that rather small
nanoparticles could be employed limiting the antenna capabilities
[40]. Recently, a new era of arranging nano-sized objects has com-
menced by DNA nanotechnology breakthroughs including the DNA
origami technique [41–43]. DNA origami nanostructures can be
folded to a variety of programmable shapes and modiﬁed to
incorporate docking sites and other entities like ﬂuorescent dyes.
Using the DNA origami structure as a breadboard, nanoantennas
consisting of metallic nanoparticle dimers were constructed. An
example of a DNA origami based nanoantenna is sketched in
Fig. 3b, it consists of two 80 nm gold nanoparticles anchored to a
three dimensional DNA origami structure of pillar shape, with an
inter-particle distance of 23 nm. At the hotspot between the nano-
particles, biomolecules of different sizes can be placed and a
ﬂuorescence enhancement of more than two orders of magnitude
was achieved. It is worth mentioning that these nanoantennas fab-
ricated with both top-down and bottom-up techniques were
employed in single molecule experiments at high concentrations
[34,44]. Finally, in addition to modifying the ﬂuorescence intensity,
nanoantennas can also reduce the dye’s photobleaching [45].
Increasing the total number of emitted photons is crucial in exper-
iments such as imaging or single-molecule tracking.
3. Enhancing single-molecule applications
Nanophotonic devices hold great potential for biological
applications as they overcome the concentration barrier of sin-
gle-molecule detection. However, nanoapertures and nanoanten-
nas are at different stages of the product development process
and are still often custom-made. The greatest challenge for a
non-specialist interested in implementing these techniques is that
(i) nanofabrication, (ii) single-molecule detection instrumentation
adapted to the special requirements of nanophotonic-based exper-
iments and (iii) appropriate coupling chemistries for surface
immobilization and dye coupling are not broadly available. While
the use of zero-mode waveguides for single-molecule sequencing
has already been commercialized, the compatibility of nanoanten-
nas with biological applications has just been demonstrated in a
few proof-of-principle experiments (e.g. hybridization of short
ﬂuorescently labelled nucleic acid strands and a FRET experiment
of a ﬂuctuating Holliday Junction [36]). Recently, zero-mode wave-
guide based single-molecule ﬂuorescence instruments developed
for single-molecule sequencing were customized in a way that
allows automated high-throughput multiplexed monitoring of
dynamic biological processes [46]. This commercialized solution
Fig. 4. (a) Conformational dynamics of the ribosome throughout the translation cycle monitored in a zero-mode waveguide. (A) The small ribosomal subunit 30S is labelled
with Cy3B while the large subunit 50S is labelled with a black-hole quencher (BHQ), a non-ﬂuorescent FRET acceptor. The labelled proteins are assembled along with the
other components of the translational pre-initiation complex through a biotinylated mRNA immobilized in a zero-mode waveguide. (B) Schematic representation and actual
single-molecule trace that informs about the conformational changes in the elongation phase of translation. Joining of the 30S and 50S leads to a ﬂuorescence transfer from
the donor to the non-ﬂuorescent acceptor and results in a decrease in ﬂuorescent intensity. During one round of translation the subunits rotate with respect to each other and
donor and acceptor are separated. This conformational change can be identiﬁed by an increase in the donor ﬂuorescence intensity. Elongation continues, multiple codons are
translated and the accompanying conformational dynamics can be monitored over almost 160 s. Adapted from [46].
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ges of nanophotonic-based single-molecule platforms allowing the
researcher to focus on the biological question rather than the
technological challenges. The instrument integrates solutions for
most of these challenges. The amount of sample is drastically
reduced to 25–30 ll as compared to conventional total internal
reﬂection ﬂuorescence detection reducing the amount of reagents.
A nitrogen-atmosphere ensures oxygen-free measurement condi-
tions preventing fast dye bleaching which results in extended mea-
surement duration up to several minutes [28]. Most strikingly, up
to 75000–150000 single-molecule experiments can be monitored
and analyzed in parallel allowing better statistics and the detection
of rare biological events. The amount of information that can be
gathered from complex multicomponent biological systems when
combined with the power of zero-mode waveguides has been
impressively demonstrated for DNA polymerization, processive
myosin motion and the translation machinery [24,25,47,48]. In
the latter case, the arrival and departure of translation factors,
the ribosome and tRNAs using high concentrations of the labelled
species revealed the time evolution of the translation process
[49] (Fig. 4). Therefore, this approach is extremely useful if the cho-
reography of complex machineries composed of several interaction
partners that operate at high concentrations are to be studied.
However, zeromode waveguides can also be used in combination
with conventional ﬂuorescence microscopes [50,51]. As for con-
ventional single-molecule ﬂuorescence microscopy experiments a
pre-requisite is the availability of functional ﬂuorescently labelled
variants of the biomolecule of interest. This becomes especially dif-
ﬁcult if eukaryotic proteins are under investigation as recombinant
production is often difﬁcult. Therefore, the production of a fully
modiﬁed complex biological systemwith high labelling efﬁciencies
remains as one of the last hurdles to a widespread distribution of
this technique [52].
4. Connecting biomolecular assays to nanophotonic structures
Nanophotonics will facilitate new kinds of single-molecule
experiments by exploiting the physical effects described. Nano-
photonic structures including functionalization and surface coatingas well as instruments to use them are becoming commercially
available strongly increasing their accessibility for users not famil-
iar with the physical details [46,53]. Interestingly, recent develop-
ments do not only reveal the potential of the marriage of
nanophotonics and single-molecule spectroscopy but also indicate
tools to overcome practical hurdles. One such aspect is the ques-
tion how to place a biomolecular assay with respect to the nano-
photonic structures. While some applications will work on freely
diffusing molecules [51,54,16,17] the most elegant implementa-
tions will require precise placement of a biomolecular assay with
respect to the nanophotonic structure [24]. A striking example is
the placement of single polymerase molecules in zeromode wave-
guides that incorporate dye labeled nucleotides for real-time
single-molecule sequencing [25]. Currently, only a fraction of the
ZMW chip can be used because ZMWs have to be singly-occupied
and ﬂuorescent signals can be disturbed by the proximity of the
metal. It appears as if it was optimal to place the polymerase close
to the center of the nanoapertures [23]. The option to simulta-
neously record four different emission channels enables the
recording of a FRET signal informing about dynamic changes in
addition to time-resolved co-localization of color-coded ligands.
FRET values measured in a ZMW are altered and commonly
decreased as compared to ensemble or TIRF-based measurements
[46], and might further be localization dependent. Consequently,
the ZMW approach does not yet allow the calculation of absolute
distances but only relative changes of distances. Both issues, the
Poissonian limit of ZMW occupancy and the heterogeneity of sig-
nals due to the undeﬁned placement in the ZMW, might be solved
by recently introduced DNA origami nano-adapters that match the
size of the ZMWs and place the biomolecular assay at a more
deﬁned position away from the ZMW’s wall [55].
The ability to place the single-molecule experiment with
respect to the nanophotonic structure is even more important for
nanoantennas as the hot-spots have minute dimensions below
(25 nm)3. Plasmonic antennas have been produced by nanolithog-
raphy for several years and the coupling of the antenna to active
optical emitters was identiﬁed as a major challenge [29,56].
Top-down nanofabrication enables the production of exactly
deﬁned nanostructures but the placement of a bioassay still
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instruments such as electron or ion beam lithography and further-
more, these time-consuming approaches are serial by nature [56].
Thus, the bottom-up self-assembled DNA origami based nanoan-
tenna appears as a promising technique [36,57]. DNA origami can
be readily modiﬁed not only with nanoparticles and ﬂuorescent
probes at arbitrary positions but also biotins and other active
groups with orthogonal chemistry [58]. Consequently, an ideal
arrangement of metallic particles and biomolecules is achieved
and can be transferred to a surface suitable for optical single-
molecule detection. Further experiments are needed to test
whether nanoantenna approaches are compatible with complex
biomolecular systems and whether multi-color detection can be
achieved [59]. In contrast to nanoapertures, nanoantennas could
also extend the suitable concentration range for single-molecule
ﬂuorescence microscopy to the detection of ultra-dilute biological
markers as ﬂuorescence enhancement invoked by plasmonic
effects signiﬁcantly increases the signal-to-noise ratio in the
enhancement hot-spot. Another advantage is the increase in the
number of emitted photons per unit time [36]. Consequently,
dynamic processes could be recorded with an increased time reso-
lution, e.g. microsecond time resolution. Hence, protein folding
processes and fast conformational changes could be monitored in
more detail and short-lived intermediates could be identiﬁed
[60]. Ready-to-use nanoantennas for biological applications are
not commercially available yet and this prevents the widespread
use of these nanodevices. However, this approach is still under
development and current work focuses on the optimization of
geometries, DNA origami structures, nanoparticle coupling efﬁ-
ciency and enhancement factors. Nonetheless, because the nano-
antenna technology shows great promise as a biosensing
technique [36,57,61] it is to be expected that user-friendly nanoan-
tenna-products will ﬁnd their way into laboratories in the near
future.
In summary, recent developments in nanophotonics raise our
optimism that single-molecule optical detection is successfully
tackling the concentration barrier and will be routinely applicable
in a broad concentration range from picomolar to micromolar thus
encompassing most and even weak biological interactions. In con-
trast to previous technology breakthroughs, the accompanying
changes in experimental design will not touch so much on the
microscope hardware (e.g. more sensitive detectors) or the func-
tionalities of dyes (e.g. switchable ﬂuorescent dyes) but on the
cover slip and sample preparations. Cover slips could be purchased
which exhibit the nanophotonic structures such as zeromode
waveguides together with a DNA origami kit for placing molecules
in their centers. Or, self-assembled nanoantennas are combined
with the biomolecular assay in their hot-spot and are placed on
the surface for single-molecule interrogation. If these ideas are
ultimately accomplished in robust recipes, the single-molecule
approach will be applied to a much broader scope of biomolecular
problems and assays.
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